X-linked Kallmann's (XKS) subjects, who display mirror movements, have abnormal corticospinal tracts which innervate motoneurons of the left and right distal muscles of the upper limb. The size of the abnormal ipsilateral projection is variable. We have used coherence and cumulant analysis between EEG and ®rst dorsal interosseous muscle (1DI) EMG to explore mechanisms underlying mirror movements in three XKS subjects. Results are compared with those of three normal subjects. We argue that signi®cant coherence is functionally relevant when associated with a negative cumulant at an appropriate lag. Given this, normal subjects showed coherence at~22 Hz between the EEG recorded over the sensorimotor cortex contralateral to the voluntarily moved hand and the 1DI EMG of this hand. No signi®cant coherence was seen between 1DI EMG and the sensorimotor cortex ipsilateral to the muscle activity. In contrast, two of the XKS subjects (K2 and K4) had signi®-cant coherence at 22 Hz, together with a negative cumulant at an appropriate lag, between the ipsilateral cortical EEG and the 1DI EMG of the voluntarily activated hand. This implies that activity in the abnormal ipsilateral corticospinal projection can contribute to the voluntary drive. For these two subjects, the ipsilateral corticospinal projection was greater than the contralateral projection, as revealed using magnetic brain stimulation. In one of these subjects, K4, signi®cant 22 Hz coherence and negative cumulant was also seen between the EMG of the voluntarily activated hand and the cortex contralateral to this hand. In the third subject, K4a, coherence and negative cumulant was detected between the EMG of the voluntary side and the cortical activity contralateral to this hand. The contralateral corticospinal projection of this subject was greater than the ipsilateral projection. Regarding the mirroring hand of the XKS subjects, coherence (with negative cumulant at an appropriate lag) was seen in all three subjects between the EMG recorded from the mirroring hand and cortical EEG ipsilateral to this hand. This provides evidence that activity in the aberrant ipsilateral projection is involved in producing the drive that results in mirror movements. In one subject, K4, coherence and negative cumulant was also seen between the EMG of the mirroring hand and motor cortical activity contralateral to this hand. Thus, in this subject, activity in the corticospinal projection contralateral to the mirroring hand also contributed to the mirror movements. In conclusion, this study has provided further evidence that the 22 Hz coherence seen between EEG and EMG is dependent upon corticospinal activity and has furthered our understanding of mechanisms underlying mirror movements.
Summary
X-linked Kallmann's (XKS) subjects, who display mirror movements, have abnormal corticospinal tracts which innervate motoneurons of the left and right distal muscles of the upper limb. The size of the abnormal ipsilateral projection is variable. We have used coherence and cumulant analysis between EEG and ®rst dorsal interosseous muscle (1DI) EMG to explore mechanisms underlying mirror movements in three XKS subjects. Results are compared with those of three normal subjects. We argue that signi®cant coherence is functionally relevant when associated with a negative cumulant at an appropriate lag. Given this, normal subjects showed coherence at~22 Hz between the EEG recorded over the sensorimotor cortex contralateral to the voluntarily moved hand and the 1DI EMG of this hand. No signi®cant coherence was seen between 1DI EMG and the sensorimotor cortex ipsilateral to the muscle activity. In contrast, two of the XKS subjects (K2 and K4) had signi®-cant coherence at 22 Hz, together with a negative cumulant at an appropriate lag, between the ipsilateral cortical EEG and the 1DI EMG of the voluntarily activated hand. This implies that activity in the abnormal ipsilateral corticospinal projection can contribute to the voluntary drive. For these two subjects, the ipsilateral corticospinal projection was greater than the contralateral projection, as revealed using magnetic brain stimulation. In one of these subjects, K4, signi®cant 22 Hz coherence and negative cumulant was also seen between the EMG of the voluntarily activated hand and the cortex contralateral to this hand. In the third subject, K4a, coherence and negative cumulant was detected between the EMG of the voluntary side and the cortical activity contralateral to this hand. The contralateral corticospinal projection of this subject was greater than the ipsilateral projection. Regarding the mirroring hand of the XKS subjects, coherence (with negative cumulant at an appropriate lag) was seen in all three subjects between the EMG recorded from the mirroring hand and cortical EEG ipsilateral to this hand. This provides evidence that activity in the aberrant ipsilateral projection is involved in producing the drive that results in mirror movements. In one subject, K4, coherence and negative cumulant was also seen between the EMG of the mirroring hand and motor cortical activity contralateral to this hand. Thus, in this subject, activity in the corticospinal projection contralateral to the mirroring hand also contributed toeous short-latency responses in both left and right hand muscles, thus revealing abnormal fast-conducting corticospinal projections to spinal motoneurons (Farmer et al., 1990; Britton et al., 1991; Cohen et al., 1991; Mayston et al., 1997) . Mayston et al. (1997) investigated mirror movements in subjects with X-linked Kallmann's syndrome (XKS) using neurophysiological techniques and suggested that activity in their aberrant corticospinal projection could be responsible, at least in part, for the mirror movements. This conclusion was supported by a PET study , in which some of the subjects studied by Mayston et al. (1997) participated. This PET study indicated that activation of the motor cortex was greater in the cortex contralateral to the voluntarily moved hand; the relatively smaller motor cortical activation contralateral to the mirroring hand could result from sensory feedback from the mirroring hand .
The ®ring of the motor units of the left and right homologous muscles that are co-activated, thus leading to mirror movements, shows correlation as revealed by a short duration peak in the cross-correlogram and coherence analysis (Koster et al., 1998; Mayston et al., 2001) . Coherence between the discharges of single motor units is normally detected in the ranges 1±12 and 16±32 Hz (Farmer et al., 1993) . Recent studies indicate that motor unit coherence in a frequency range between 11 and 45 Hz results from oscillatory activity in the primary motor cortex; in humans and macaque monkeys simultaneous recordings of MEG, EEG or ®eld potentials with EMG have shown coherence (range: 11±45 Hz; with maxima at~22 Hz) between signals recorded from over the motor cortex and EMG of contralateral limb muscles Baker et al., 1997; Salenius et al., 1997; Brown et al., 1998; Halliday et al., 1998; Mima et al., 2000) . The scalp distribution of MEG/EEG-EMG cortex-muscle coherence has been mapped for different muscles and broadly re¯ects the primary motor cortex homunculus (Salenius et al., 1997; Mima et al., 2000) . Furthermore, a majority of studies have now shown that for the frequency range 11±45 Hz there is a phase delay between coupled EEG/MEG oscillations and EMG oscillations (Brown et al., 1998; Feige et al., 2000; Gross et al., 2000; Mima et al., 2000 Mima et al., , 2001 . Taken together, this evidence strongly suggests that EMG oscillations result from oscillations in motor cortex neural activity transmitted to the spinal motoneurons via fast-conducting corticospinal pathways. However, there is as yet no more direct evidence that this is the case. Furthermore, it is not known whether the oscillatory drive to motoneurons revealed by EEG±EMG correlation is indicative of the voluntary motor activity. We hypothesize that if cortex-muscle coherence in man re¯ects transmission of oscillatory activity via fast conducting corticospinal pathways, then the scalp distribution of maximal coupling between EEG and EMG should re¯ect the distribution of the aberrant corticospinal pathways revealed in subjects with mirror movements by focal TMS and longlatency re¯ex testing. Using magnetoencephalography (MEG), Pohja et al. (2002) recently described coupling between the motor cortex and EMG in a single subject with Kallmann's syndrome. During a unilateral contraction, coherence was present between the EMG of the intentionally activated hand and the contralateral motor cortex, and between this same cortex and the EMG of the mirroring hand. No other neurophysiological details were provided for this one subject. Our previous study showed that XKS subjects do not comprise a uniform group, particularly so when considering their corticospinal projections as revealed using TMS. In the present study, we have investigated three XKS subjects with differing degrees of ipsilateral versus contralateral corticospinal projections to see if coherence and cumulant analysis of EEG and EMG signals can further our understanding of how motor cortical activity results in obligatory mirror movements. In addition, we were interested in whether this analysis would allow us to draw any conclusions regarding the role of the aberrant ipsilateral corticospinal projection during a voluntary movement of one hand. This is of particular interest in a subject whose corticospinal projection, as revealed using magnetic stimulation, is predominantly ipsilateral. Some of these data have been presented previously in abstract form (Farmer et al., , 2003 .
Methods

Subjects
Experiments were performed with both local ethical approval of St Mary's NHS Trust according to the Declaration of Helsinki and the subjects' informed written consent. We studied three subjects with XKS and mirror movements K2, K4 and K4a (aged 27, 34 and 36 years, respectively), two of whom were brothers (K4 and K4a). These subjects have been studied previously Mayston et al., 1997) and the terminology for naming them is the same as before. The results were compared with a detailed study of three normal control subjects (ages 25, 49 and 55 years; two male), who displayed no mirror movements. TMS at 5% above threshold in normal subjects evokes short-latency responses in contralateral hand muscles [the ®rst dorsal interosseous (1DI) muscle was studied]; at this intensity, no ipsilateral hand muscle responses are observed. In contrast, TMS at 5% above threshold in the XKS subjects revealed aberrant fast-conducting corticospinal pathways. TMS and re¯ex testing have been performed previously in these subjects . TMS data from the XKS subjects reported in the previous study have been included in the present study (see Table 1 ) Table 4 , the ipsilateral/contralateral TMS ratio for K4a was shown, in error, as contralateral/ipsilateral]. The TMS responses in these XKS subjects are bilateral at short latency, but with varying degrees of asymmetry ranging from ipsilateral predominance through symmetrically bilateral to contralateral predominance.
Neurophysiological recording
EEG and EMG were acquired (sampling rate 512 Hz) and stored digitally using a PC-based system custom built by Oxford Instruments, Medical Systems Division, Old Woking, Surrey, UK. In all the normal control and the XKS subjects, we recorded common average reference EEGs (band pass ®lter: 4±256 Hz). During common average recording (see also Mima et al., 2001) , EEG were obtained from 22±24 Ag/AgCl electrodes (Oxford Medical Instruments) set out according to the modi®ed Maudsley system (Pampiglione, 1956; Margerison et al., 1970) . The head was measured and distances in millimetres between the scalp electrodes were recorded in order to determine accurately the electrodes' positions relative to anatomical landmarks and to each other. For all subjects, left and right EMGs from the 1DI muscles were recorded using pre-gelled bipolar electrodes (Oxford Medical; band pass ®lter: 4±256 Hz) during tonic co-contraction along with simultaneous EEG. The impedance of the scalp and EMG electrodes was maintained <5 kW.
Experimental procedure
Subjects were asked either to perform a pincer grip of index ®nger and thumb or index ®nger abduction to produce a steady isometric activation of 1DI at 10±20% maximal voluntary contraction. The magnitude of the EMG associated with~20% maximal voluntary contraction was determined. Subjects were asked to maintain this for 2 min, and the experimenters monitored the EMG signal magnitude on-line during each experimental run giving verbal feedback as necessary. The subjects did not ®nd the tasks fatiguing. Subjects were asked to keep their eyes open and to try to avoid excessive eye blinks and swallowing. Each data collection run lasted for 2 min. The quality of the EEG and EMG data was monitored on-line by the experimenter and the run was terminated if major artefacts appeared. During separate runs, subjects co-activated right and left 1DI, or attempted unilateral activation of the right and then the left 1DI.
Data analysis
Analysis was performed off-line from text ®les created by the EEG/ EMG recording apparatus. Data analysis was performed using a suite of programs written in MATLAB by D. Halliday (University of York, UK), for coherence and cumulant analysis, and by J. Stephens (UCL, London, UK) for cumulant mapping (functional cumulant imaging, FCI). The data were ®rst scrutinized using a commercially available program (Pro®le reader software version 2.2.187 developed by Tauglering and supplied by Oxford Instruments); data were excluded if there were contaminants from 50 Hz power supply interference or if electrode impedance changes lead to baseline drift. Data with major eye-blink or other artefacts were also excluded. The EMG signals from the right and left 1DI were fullwave recti®ed. The data were analysed in the frequency domain using the ®nite Fourier transform. The data length was~120 s and was segmented into 1 s segments, each consisting of 512 data points. Auto-spectra, cross-spectra, coherence and phase were then calculated. The inverse Fourier transform was applied to calculate the second order cumulant density. The second order cumulant gives, for any given relative temporal displacement between two continuous signals (e.g. EEG versus EMG), a value for the co-variance. In all cases, the 95% con®dence limits for the coherence and cumulant were calculated and are shown on the ®gures (see Halliday et al., 1995) . Coherence, phase and cumulant were calculated between the following signal pairs: left EEG±right EMG, left EEG±left EMG, right EEG±left EMG and right EEG±right EMG. To visualize the cumulant data in a three-dimensional way, cumulant maps were made using triangle-based linear interpolation to ®t a hypersurface to the cumulant values obtained at a given lag by each electrode. This hypersurface was then interpolated at points on the surface of the white matter using co-ordinates supplied by the Anatomical Model of Normal Brain (Collins et al., 1998) . These values were used to colour the surface at that those points. Interpolation was based on a Delaunay triangulation of values that uses qhull (Watson 1992; Barber et al., 1996) . Brodmann area 4 is indicated by black dots on the surface of the white matter using co-ordinates from the Talairach atlas (Talairach and Tournoux, 1988) . Images were produced using cumulant magnitudes recorded from the different EEG recording electrodes at a selected lag. For each data set, the lag chosen was that at which the most negative cumulant value was found in the range 0± 30 ms. Within this range, the maximum negative cumulant was detected for motor cortex electrodes and the corresponding lag values for the different subjects were within the range of cortexmuscle TMS latencies (Hess et al., 1987) [mean lag of the most negative cumulant value 19.0 ms T SEM 0.8 ms; n = 6 (three XKS subjects and three normal controls)]. Negative cumulant values are shown as orange and positive values, indicating a polarity reversal, as purple. Within this range, the most negative cumulant was always associated with the maximum~22 Hz EEG±EMG.
Results
Coherence and cumulant data obtained from normal subjects are presented ®rst. They are followed by a section that discusses the use of the cumulant in guiding interpretation of coherence measurements. We then compare data from control and XKS subjects.
Scalp distribution of EEG±EMG interactions in normal subjects
Figure 1 illustrates coherence and cumulant data from a control subject recorded during contraction of the left 1DI. Data are shown for 22 EEG electrodes superimposed on a diagram of the head. Coherence was maximal when recording EEG from the C4 electrode; the corresponding cumulant showed a positive±negative±positive pattern displaced to the right of time zero (with the EEG as reference, this re¯ects a shift to positive lags such that oscillatory EMG activity occurs after the EEG). The slope of the phase frequency plot from the C4 electrode associated with these data indicated a delay of~24 ms between EEG and EMG. The C4 electrode was situated on the scalp over the right motor cortex, i.e. the motor cortex contralateral to the voluntary EMG. The localization of cumulant values illustrated in Fig. 1B can be visualized three-dimensionally on the FCI plot shown in Fig. 5A . During a pincer grip using the left hand, the negative (C±D) Corresponding cumulant density functions constructed with EEG as reference for the data shown in (A) and (B). The peak coherence in both subjects occurred at~22 Hz; the cumulant density functions show an oscillatory pattern with interval corresponding to the frequency of the coherence and characteristically a positive component to the left of time zero and a negative component to the right of time zero. The maximum coherence and cumulant in the normal subject were found for the C4 electrode over the hand area of the right motor cortex; in contrast, the maximum coherence and cumulant in the XKS subject were detected between the C3 electrode over the hard area of the left motor cortex and ipsilateral to the left 1DI EMG. In both subjects, the magnitude of the coherence and cumulant declined for recording sites distant from the active electrode. Coherence is plotted for 1±64 Hz; the dotted line denotes the 95% con®dence level. Cumulant plotted T 100 ms. The mean and 95% con®dence limits are shown. cumulant was centred over the right motor cortex (cumulant values >95% con®dence limit).
For all control subjects, signi®cant coherence (>95% con®dence limit) was seen between the 1DI EMG and the EEG of the contralateral motor cortex (see, for example, Fig. 2A ). For calculation of con®dence limits for coherence and cumulant estimates, see Halliday et al. (1995) . In control subjects, no signi®cant coherence or positive±negative± positive pattern cumulant was detected between EEG recorded over the motor cortex ipsilateral to the activated hand and the 1DI EMG of this hand ( Fig. 2A and C) . The results for the control subjects are summarized in Table 1 .
Cumulant density polarity reversalÐnormal subjects
Normal subjects, in whom the EEG±EMG coherence was strong, displayed signi®cant EEG±EMG coherence at electrode sites distant from the hand area of the contralateral motor cortex. Typically these sites were anterior electrodes, situated midline and contralateral to the activated cortex. Although the maximal coherence was always recorded from electrodes lying close to the anatomical site of the contralateral primary motor cortex (right motor cortex electrodes: C4, C2, FC4 and FC2; left motor cortex electrodes: C3, C1, FC3 and FC1), the widespread ®nding of coherence does present potential problems during interpretation, particularly when trying to detect abnormal EEG± EMG interaction corresponding to aberrant corticospinal pathways. Coherence is a measure of the linear association between signals and, without phase information, can be misleading. Of importance is the fact that in normal subjects, coherence was much reduced at electrodes adjacent to thè active' electrode and absent over the homologous opposite hemisphere electrode (see Figs 1 and 2) .
Widespread coherence at non motor cortex scalp electrodes can be understood in terms of the voltage ®eld produced on the scalp by activity in the primary motor areaÐa current sink surrounded by a more widespread current source. If this is the case, then time domain representations should reveal oscillatory patterns with polarity reversal. This approach has been previously adopted for electro-corticography recordings (Marsden et al., 2000) . Figure 3A and B shows cumulant polarity reversal in a normal subject performing co-contraction of the right and left 1DI muscles. In Fig. 3A , the bold line is the cumulant between the EEG recorded from C3 and the right 1DI EMG; the dotted and dashed lines show the cumulant plotted to the same scale between the right 1DI EMG and C2 and Fz EEGs. In Fig. 3B , the EEG data used to construct the cumulant are identical to that in Fig. 3A but, in this case, the cumulant has been constructed using EMG from the left 1DI. The bold line in Fig. 3B is the cumulant between left 1DI EMG and the EEG recorded from the C4 electrode; the dashed and dotted lines are the Fz and C1 electrodes, respectively. Maximum Fig. 3 . Cumulant density functions calculated between recti®ed EMG and EEG with EEG as the reference in a normal subject and a subject with XKS (K4a). Three electrode sites are shown. There was signi®cant~22 Hz EEG±EMG coherence at all three electrode sites, but maximal coherence always corresponded to the electrode with the cumulant displayed as a continuous line. (A±B) Data from both hands during voluntary co-contraction of the right and left 1DI in a normal subject. The EEGs from the left (C3) electrode and the right (C4) electrodes showed maximal coherence, and characteristic negative cumulant de¯ection displaced to the right of time zero when constructed with the right and left 1DI EMGs, respectively; polarity reversal is seen at the Fz electrode (dashed line) in both cases and at electrodes over the hemisphere ipsilateral to the EMG (C2 for the right hand and C1 for the left hand, dotted lines). (C±D) Data from both hands in the XKS subject (K4a) during voluntary contraction of the left 1DI, but attempted relaxation of the right 1DI. In this subject, the right hemisphere C4 electrode showed maximal coherence for both hands. The pattern of the cumulant from the C4 electrode was similar to that of the normal subject, except that the pattern was present for both right and left hands. As in the normal subject, there was polarity reversal of the cumulant at the Fz electrode (dashed line) and the opposite hemisphere C1 electrode (dotted line). (E±F) Subject K4a now co-contracted right and left hands; the maximum coherence and most negative cumulant were detected from the C2 electrode. More widespread cortical activation now produced negative-going cumulants between the right and left hands, and for the C1 and Fz electrodes (shown as dashed and dotted lines). Cumulant plotted T 50 ms. The mean and 95% con®dence limits are shown.
coherence was seen between the EEG recorded from C3 (left motor cortex) and right 1DI EMG, and between the EEG recorded from C4 (right motor cortex) and the left 1DI EMG (see also Fig. 5A ). The cumulant plots show the characteristic positive±negative±positive de¯ection, with the negative de¯ection displaced to the right of time zero indicating a delay with respect to the EEG. The polarity of the cumulant reverses for the Fz electrodes and for the C2 and C1 electrodes, respectively, contralateral to the C3 and C4 electrodes. Our interpretation of such data is that the presence of signi®cant coherence between the EEG and EMGÐ together with a cumulant with a negative peak at an appropriate lag (i.e.~20 ms)Ðinfers that the cortical region underlying the EEG electrode is producing a descending drive to the lower motoneurons; in our case, those of the 1DI muscle (see Discussion).
Delay between the EEG signal and the EMG
The quality of the data and the strength of coherence between EEG and EMG varied between subjects. In two normal subjects (C1 and C3) and two XKS subjects (K4 and K4a), the frequency domain data allowed calculation of the temporal delay between EEG and EMG from an estimation of the slope of the phase relationship between the two signals. The range of delays was 18±25 ms; this is within the range of cortex muscle motor conduction time.
Scalp distribution of EEG-EMG interactions in XKS subjects with mirror movements
Kallmann's subjects with mirror movements all have an abnormal fast-conducting ipsilateral corticospinal projection. The size of this projection, as determined using focal magnetic brain stimulation, is variable . This abnormal distribution of fast-conducting corticospinal pathways in XKS subjects is re¯ected in the coherence and cumulant between EEG and EMG during steady muscle contraction. Figure 2B and D show data for the analyses performed between L 1DI EMG and the L and R cortical electrode positions from subject K2 during co-abduction of the left and right index ®ngers (normal subject is shown for comparison in Fig. 2A and C) . For the XKS subject, the ipsilateral corticospinal projection, as revealed by TMS, from each cortex is greater than the contralateral projection (Table 1) . In this example, the coherence and cumulant are maximal for L EMG/EEG analysis when the EEG is recorded from the C3 electrode site; this site is located over the hand motor area of the left cortex. Thus, we have evidence for the presence of an In (A), FCI EEG: right 1DI EMG showed negative cumulant centred over the left cortex, which is contralateral to the voluntarily activated right hand. In (B), FCI EEG: left 1DI EMG also showed negative cumulant centred over the left cortex, which is ipsilateral to the involuntarily activated mirroring left hand. In (C) and (D), the situation is reversed. In (C), FCI EEG: left 1DI EMG showed negative cumulant centred over the right cortex, which is contralateral to the voluntarily activated left hand. In (D), FCI EEG: right 1DI EMG also showed negative cumulant centred over the right cortex, which is ipsilateral to the involuntarily activated and mirroring right hand. Maximum negative cumulant values were >95% con®dence limits.
oscillatory drive from the left cortex to a hand muscle of the left hand via the abnormal corticospinal tract. Figure 3C and D and the FCI plots in Fig. 4A±D show data from a further XKS subject, K4a. In contrast to subject K2, focal magnetic stimulation revealed that, for K4a, the contralateral corticospinal projection was greater for each side than the abnormal ipsilateral projection (Table 1) . The subject was instructed to perform unilateral contractions of ®rst the left and then the right 1DI, and then to activate simultaneously the left and right muscles. Fig. 3C and D provide the cumulant density functions when the EEG was recorded from three different electrode positions; for 3C, the 5 ms) . In the normal subject, FCI EEG: left 1DI EMG showed negative cumulant centred over the cortex contralateral to the voluntarily activated hand. In XKS subject K2, with a predominant ipsilateral corticospinal projection, FCI EEG: right 1DI showed negative cumulant centred over the cortex ipsilateral to the voluntarily activated hand and negative cumulant FCI EEG: left 1DI for the non-voluntarily activated mirroring hand (also ipsilateral to that hand). XKS subjects K4a and K4 showed differing behaviour, according to the relative strength of the ipsilateral and contralateral corticospinal projection (see Discussion). Maximum negative cumulant values were >95% con®dence limits.
Table 1
The ratio of contralateral/ipsilateral TMS responses in normal subjects and those with XKS. EEG±EMG coherence data in the three normal subjects and three subjects with XKS during co-contraction and unilateral contraction tasks EMG signal was recorded from the voluntarily activated left hand and, for 3D, the EMG signal was recorded from the mirroring hand. It can be seen that a negative cumulant at an appropriate lag was present when recording the EEG from the C4 position (i.e. the right motor cortex), for both the active hand and the mirroring hand. Simultaneously recorded EEG± EMG cumulants when recording EEG from C1 and Fz are shown; there is a reversal of polarity. Figure 4C displays the FCI plot for the active left hand and Fig. 4D for the mirroring right hand (maximum negative cumulant values >95% con®dence limits). It is again clear that, in both instances, the negative cumulant was centred over the motor cortex of the right side. When asked to attempt a unilateral pincer grip using only the right hand, the FCI plots show that now the left motor cortex provided the drive to both the voluntarily activated hand and the mirroring hand ( Fig. 4A and B) . The associated coherence values are given in Table 1 . Thus, the drive to the voluntarily activated hand and to the mirroring hand in K4a originated in the cortex contralateral to the intentionally moved hand. An interesting change in cumulant polarity occurred when the same XKS subject produced co-activation of right and left 1DI ( Fig. 3E and F) . In this case, the maximum coherence between the EEG and the right and left hand EMG was seen when recording from the C2 electrode. That the maximum cumulant was from the more medial C2 electrode rather than C4 probably represents signal summation effects (see Discussion: functional interpretation of EEG±EMG interactions). The cumulant, when recording from the C2 electrode, showed a typical positive±negative±positive pattern with the negative displaced to the right of time zero. Co-contraction alters the polarity of the cumulant when recording from the Fz and contralateral C1 electrodes. It can be seen that, in contrast to the unilateral contraction condition (Fig. 3C and D) , the cocontraction condition produced the positive±negative±posi-tive cumulant de¯ection with the negative displaced to the right of time zero. The pattern was the same as for the C2 electrode indicating that, compared with unilateral activation during intended bilateral muscle contraction, both left and right hemispheres were now providing a descending drive to the motoneuron pools of both the left and right 1DI.
Comparison of normal and XKS subjects during a unilateral hand movement Figure 5 compares FCI plots from a normal control subject with those of the three XKS subjects during attempted unilateral activation of either the right or left 1DI. Subjects are ordered according to the ratio of the magnitude of the ipsilateral: contralateral 1DI EMG responses evoked by TMS. Figure 5A , C, E and G show FCI plots using EMG recorded from the voluntarily activated 1DI and Fig. 5B, D, F and H show plots from the opposite hand of the corresponding subjects. In the control subject ( Fig. 5A and B) , TMS produced only contralateral EMG responses; in subject K4a (Fig. 5C and D) , TMS produced larger contralateral (C) than ipsilateral (I) EMG responses I/C<1. In subjects K4 (Fig. 5E and F) and K2 ( Fig. 5G and H) , TMS produced larger ipsilateral than contralateral EMG responses I/C >1 (K2 had the larger ipsilateral responses).
FCI plots from the control subject (Fig. 5A) showed that left 1DI activation was associated with a patch of cumulant negativity centred over the right hemisphere. Subject K4a (Fig. 5C) showed a less well-de®ned patch of cumulant negativity, but with the maximal negative cumulant values centred over the cortex contralateral to the voluntarily activated right hand. In Subject K4 (Fig. 5E) , however, the negative cumulant was centred over the cortex ipsilateral to the voluntarily activated hand. Subject K2 (Fig. 5G) had the highest ratio of I/C TMS responses and, in this case, the FCI showed a patch of negative cumulant centred over the right cortex±again ipsilateral to the voluntarily activated right hand.
Figure 5B, D, F and H show FCI plots calculated from the same EEG data as used for Fig. 5A , C, E and G, but with the EMG signal recorded from the non-voluntarily activated hands being used in the analysis. For the normal control (Fig. 5B) , there was no EMG and therefore the cumulant was zero (shown in blue). In subject K4a (Fig. 5D) , a negative cumulant focus was centred over the cortex ipsilateral to the non-voluntarily activated hand. In subject K4 (Fig. 5F ), the FCI showed negative cumulant centred over the midline, covering both the cortex ipsilateral and contralateral to the non-voluntarily activated hand. In subject K2 (Fig. 5H) , the most ipsilaterally organized subject with respect to the corticospinal tract, a negative cumulant focus was centred over the cortex ipsilateral to the non-voluntarily activated hand.
The results of all interactions are summarized in Table 1 , which shows coherence values (>95% con®dence limits) found with negative cumulant values at an appropriate lag.
Discussion
This study is the ®rst to have used EEG±EMG coherence and cumulant measurements to demonstrate abnormal oscillatory drive to hand muscles in subjects with aberrant corticospinal pathways. The results support the hypothesis that fastconducting direct corticospinal inputs to hand muscle motoneurons are responsible for motor cortex-musclẽ 22 Hz coherence in man and reveal how the generation of mirror movements in XKS is related to the relative strength of the abnormal ipsilateral to contralateral projection.
Functional interpretation of EEG±EMG interactions EEG±EMG interactions: normal subjects
In the present study, in normal subjects, the maximum~22 Hz EEG±EMG coherence was detected from scalp electrodes placed over the primary motor cortex situated in the hemisphere contralateral to the hand from which EMG was recorded, regardless of whether the subject was carrying out a voluntary activation of one hand or a co-contraction of both. But some signi®cant coherence was also found at distant electrode sites, including those over the hemisphere ipsilateral to the hand from which EMG is recorded Functional interpretation of such widespread EEG±EMG coherence¯ows from consideration of the corresponding cumulant plots. When recorded from electrode sites over the contralateral motor cortex, these showed characteristic positive±negative±positive de¯ections with the negative de¯ection displaced to the right of time zero, indicating EMG delay with respect to the EEG. Recordings from surrounding electrodes over the entire scalp show that the cumulant undergoes polarity reversal. The EEG electrode with the most negative-going component of the cumulant was always the one with the maximum~22 Hz coherence, and the latency of the negative component after time zero was at lags, consistent with cortex-1DI conduction time as assessed by TMS (Hess et al., 1987) . The ®nding that a negative cumulant was recorded over the motor cortex contralateral to the intended movement, and with a latency appropriate for nervous conduction, is commensurate with the known underlying physiologyÐnamely that activity in a cortical area results in that area becoming a current sink relative to surrounding areas. In addition, we have visualized these data by constructing FCI plots based on the interpolation of estimates of cumulant density between EEG and EMG recorded from different scalp electrode sites at a given lag. Such cumulant density estimates are a simple representation based on a measure of covariance between the two signals (see Halliday et al., 1995) . In comparison to a more sophisticated methodology, in which source localization algorithms have been applied to correlation measures (Brown et al., 1998; Feige et al., 2000; Gross et al., 2001) , our approach has reduced spatial resolution due to the smearing effects on electrical signals as they pass through the skull. Furthermore, two or more sources with identical frequency and phase information may summate spatially and cannot be separated. This could account for the ®nding of signi®cant negative cumulant at more widespread electrode sites in some XKS subjects than in normal subjects.
EEG±EMG interactions: XKS subjects
In XKS subjects, coherence and negative cumulant at an appropriate lag were detected from scalp electrodes ipsilateral to 1DI EMG. Maximal coherence occurred over electrode sites close to where TMS evoked maximal responses in 1DI (left hemisphere: C3, C1, FC3 and FC5; right hemisphere: C4, C2, FC4 and FC6). The oscillatory interactions between motor cortex EEG and EMG were similar to those of normal subjects but, due to the presence of aberrant corticospinal projections, these were also present ipsilaterally.
EEG±EMG interaction: frequency content
The frequency of the oscillatory interaction in normal control subjects incorporated the 11±40 Hz range of EEG±EMG coherence described previously in normal subjects (for a review, see Farmer, 1998) ; the frequency of maximum coherence was~22 Hz. In the XKS subjects, the coherence between EEG and EMG also incorporated the 11±40 Hz frequency range with a maximum coherence at~22 Hz.
EEG±EMG interaction: recording from scalp electrodes over sensory cortex
In four subjects (two normal controls and two XKS), additional electrodes were placed at PC3 and PC4, i.e. equidistant between C3 and P3, and C4 and P4, respectively. Even with these additional electrodes over the sensory cortex, we were unable to detect any effects in the correlation between EEG and EMG that could be interpreted as afferent. A previous study using cortical muscle coherence indicated that somatosensory area S1±EMG interactions are unlikely to result from activity in afferent pathways (see Ohara et al., 2000) .
EEG±EMG delay estimates
Although temporal delays associated with cortex muscle oscillatory interaction were not demonstrated initially Halliday et al., 1998) , a majority of studies (including our own) now indicate that oscillatory interaction between MEG/EEG and EMG occurs with a temporal delay of~20 ms (Salenius et al., 1997; Brown et al., 1998; Feige et al., 2000; Gross et al., 2000; Mima et al., 2000 Mima et al., , 2001 . If cortical oscillations are transmitted to the spinal motoneuron pool via fast-conducting corticospinal pathways, then the temporal delay between MEG/EEG and EMG should correspond to the conduction time between motor cortex and muscle, i.e.~20 ms if assessed with TMS. However, the published range of lags is wide. Thus, it remains dif®cult, on the basis of temporal delay alone, to accept or reject the hypothesis that in humans it is the fast-conducting direct corticospinal pathways that provide common oscillatory drive to motoneurons and are responsible for~22 Hz coherence between EEG and EMG, and between motor units within a muscle or between different muscles.
Oscillatory activation of corticospinal neurons
The negative component of the cumulant and the associated coherence represent oscillatory activation of corticospinal neurons, which then provide a rapidly conducting drive to hand muscle spinal motoneurons. Support for this idea comes from the following considerations. First, the negative component of the cumulant appears at lags consistent with transmission via corticospinal pathways. Secondly, the electrode sites from which this is recorded in normal subjects and XKS subjects lie over motor cortical areas. Thirdly, the abnormal ipsilateral pathways in XKS subjects are represented by EEG±EMG cumulant and coherence. Using the independent neurophysiological measures of TMS and cutaneomuscular re¯ex testing, these aberrant pathways have been demonstrated to be those of the fast conducting corticospinal tract . Furthermore, for each individual with XKS, the relative strength of these corticospinal pathways, as assessed by the ratio of the relative size of ipsilateral/contralateral TMS responses, is re¯ected in the laterality of the cumulant and coherence. Fourthly, in subject K2 only ipsilateral EEG±EMG cumulant and coherence was demonstrated. Interestingly, Mayston et al. (1997) demonstrated normal contralateral somatosenstory evoked potentials in this subject; furthermore, his long-latency cutaneomuscular re¯exes were detected only from muscles of the non-stimulated hand, which in the context of very ipsilateral TMS responses, implies that afferent signals resulting from digital nerve stimulation reach the contralateral cortex as normal. This points to the fact that EEG± EMG coherence/cumulant analysis is unable to detect cortical activation brought about by afferent input that does not in¯uence EMG activity. Fifthly, despite co-activation of both left and right motor cortices and left and right 1DI muscles, the negative cumulant is only detected during co-contraction in normal subjects between primary motor cortex electrodes and the EMG of the contralateral hand. The cumulant between non-motor areas and areas ipsilateral to the recorded muscle is positive or zero. Finally, in subject K4a (I/C <1), the scalp distribution of the negative cumulant is sensitive to the voluntary command. Thus, when a normal subject activates, for example, their left hand, the only negative cumulant is between the right motor cortex and the left 1DI EMG (there is no right EMG in this situation). However, when subject K4a unilaterally activated one hand (e.g. the left) while relaxing the right, the negative cumulant was between the right cortex EEG and both left and right EMGs (see Figs 3 and 4) ; note that the cumulant between the frontal EEG ipsilateral to the voluntarily activated hand was positive or zero. The same XKS subject was then asked to co-contract both hands. Compared with the previous task, he was now voluntarily`activating' his left motor cortex as well as the right. The cumulant between the left cortex and both hands now changed its polarity; instead of being positive or zero with respect to the left and right index ®ngers it becomes negative. When K4a tried to activate the right hand only, the situation was reversed with the negative cumulant between the left cortex and both hands only (see Fig. 4 ). It is important to note that the XKS subject is unique because, unlike the normal subject, the`relaxed' 1DI during unilateral activation of the opposite hand actually produces EMG activity due to abnormal drive from the motor cortex ipsilateral to the mirroring hand. Thus, the mirrored EMG can be used to calculate coherence and cumulants with the whole scalp EEG. We suggest that this is direct evidence that a negative EEG± EMG cumulant is indicative of motor cortex activation. This is a clear example of intended cortical activation in¯uencing cumulant structure and, by implication, the coherence. This experiment can only be performed in mirroring subjects because only they can`involuntarily' and then`voluntarily' produce the EMG in such a way that the cumulant can be calculated in the two situations; voluntary motor cortex activation is accompanied by a change in cumulant polarity.
Origin of mirror movements in XKS subjects
A number of studies investigating mirror movements have shown that an intended unilateral hand movement is associated with bilateral activation of both motor cortices. For example Mayer et al. (1999) used dipole source analysis to demonstrate bilateral activation in subjects with mirror movements resulting from an autosomal-dominant trait, and Leinsinger et al. (1997) used functional MRI to demonstrate bilateral activation in subjects with the same trait and in three subjects with XKS.
In previous studies, we drew together the results of electrophysiological and PET studies with a view to understanding the cortical origin of mirror movements in individual subjects with XKS Mayston et al., 1997) . But the outcome was not decisive because the PET activation data related to the primary motor cortex were unable to distinguish between that activation brought about by afferent activity from regions that project to the primary motor cortex, and activity in the output cells of this region. These output neurons include those that provide axons that travel in the corticospinal tract to synapse with lower motoneurons that innervate the distal hand muscles which produce the intended and unintended (or mirror) movements. The present studyÐ using coherence analysis and the FCI methodÐhelps to resolve this issue. In contrast to PET images, signi®cant coherence together with a negative cumulant at an appropriate lag and EEG±EMG FCI was only seen when a cortical area was active and contributing to corticospinal activity.
Consider subject K2 whose fast-conducting ipsilateral corticospinal projection is much greater than his contralateral projection (TMS I/C >>1; Table 1 ). If this subject were to activate only the corticospinal projection (as revealed using TMS), which is contralateral to the voluntarily activated 1DI, then one could hypothesize that the voluntary EMG would be much less than the involuntary, mirroring EMG. But this is not the case. Table 4 of Mayston et al. (1997) indicates that this mirroring EMG is much less than would be predicted from a consideration of the relative sizes of the ipsilateral and contralateral TMS responses. PET images showed bilateral primary motor cortex cortical activation when this subject made a voluntary unilateral hand movement accompanied by unintended mirroring of the other hand ; Fig. 1 ). The increase in regional cerebral blood¯ow (rCBF) was signi®cantly greater contralateral, rather than ipsilateral, to the voluntarily moved hand. Based on the observations made using passive movements, Krams et al. (1997) concluded that the cortical activation contralateral to the mirroring hand most likely resulted from sensory feedback from the mirroring hand. The results of the current study further our understanding of the origin of the corticospinal out¯ow in this subject. The coherence data and EEG±EMG FCI for EMG recorded from the voluntarily activated hand indicate that the cortex ipsilateral to this hand is active (see Fig. 5 and Table 1 ). In contrast to a normal subject, voluntary EMG is being generated by activity originating in the ipsilateral rather than contralateral cortex. Coherence analysis and the EEG±EMG FCI for EMG recorded from mirroring hand indicate that the cortex ipsilateral to the mirroring hand was active and providing a drive to this mirroring hand. Therefore, our study has demonstrated that, for this subject, there is an ipsilateral source of corticospinal activity that contributes to the voluntary drive and an ipsilateral source that contributes to the drive of the mirroring hand. We cannot rule out the existence of a weak contralateral corticospinal drive to the voluntarily activated hand. This would be expected on the basis of our TMS study , which demonstrated the existence of a fast-conducting contralateral corticospinal projection and the presence of relatively weak short-term synchronization between motor unit spikes of the left and right 1DI. In this subject, the contralateral corticospinal pathway is below the threshold of detection using EEG±EMG coherence/FCI. Our previous study indicated that the sensory input to the cortex of this subject is normal, i.e. the projection is contralateral. Assuming subject K2 employs some contralateral drive via his fast corticospinal projection, albeit weak, then sensory feedback from the voluntarily activated hand can be used by the cortex contralateral to this voluntarily activated hand to modify, if necessary, the motor out¯ow.
Consider subject K4a who has an abnormal fast conducting ipsilateral corticospinal tract, but the projection is less than the contralateral projection (TMS I/C <1; Table 1 ). Based on the TMS data, one would predict that, by utilising the contralateral corticospinal projection, the voluntary 1DI EMG should be greater than the mirroring 1DI EMG and this is indeed the outcome (Table 4 , Mayston et al., 1997) . PET images show bilateral, but asymmetrical, primary motor cortex cortical activation when this subject made an intended unilateral voluntary hand movement accompanied by unintended mirroring of the other hand (Krams et al., 1997; Table 5 ). During an intended movement of the left hand, the increase in rCBF of the right cortex was greater and more extensive than that of the left cortex. During passive movement of the right hand, the increase in rCBF of the left hemisphere was not signi®cantly different from that observed during mirroring by the right hand when the left was activated voluntarily. This suggests that the increase in rCBF in the left cortex, seen during an intended movement by the left hand, was the result of afferent activity generated by the mirroring right hand rather than activity producing a motor output. But this inference can only be indirect. Our coherence data and the EEG±EMG FCI for EMG recorded from either the intended hand or the mirroring hand indicate cortical activity in the cortex contralateral to the voluntarily moved hand (Table 1) . This cortical activation is responsible for the drive to the voluntarily activated hand and the drive to the mirroring hand. For this subject, our earlier inferences based on a comparison of rCBF estimates during active and passive movements were correct .
There are no PET data for subject K4, whose fastconducting corticospinal tracts are more symmetrical than K2, yet exhibit ipsilateral predominance (TMS I/C > 1; Table 1 ). If this subject were to utilize only his contralateral corticospinal projection during a unilateral hand movement, then, as predicted for K2, the mirroring 1DI EMG should be greater than the voluntary 1DI EMG. But again, this was not the case. Table 4 of Mayston et al., (1997) indicates that this mirroring EMG was much less than would be predicted from a consideration of the relative sizes of the ipsilateral and contralateral TMS responses. The coherence data and the EEG±EMG FCI for EMG recorded from either the intended or mirroring side revealed that both cortices were active, with both a contralateral and ipsilateral drive to the voluntarily activated hand and to the mirroring hand. Thus although the ipsilateral corticospinal projection was greater than the contralateral projection, we were able in this subject, in contrast to K2, to demonstrate via our coherence data and FCI that, during an intended hand movement, the cortex contralateral to this hand was active and the descending corticospinal drive from this cortex was responsible, at least in part, for activation of the muscles of the voluntarily activated hand.
Our data have therefore revealed that the origin of the mirror movements in XKS subjects is not uniform. In subjects in whom the contralateral corticospinal projection is much greater than the aberrant ipsilateral projection (e.g. K4a), activation of the cortex contralateral to the voluntarily activated hand provides the necessary drive to this hand and, in addition, activity in the aberrant ipsilateral projection results in mirroring by the other hand. However, in those subjects where the ipsilateral corticospinal projection is greater than the contralateral projection, activation of the ipsilateral projection is seen during an intended unilateral hand movement (K2 and K4). It has previously been suggested by Mayer et al. (1999) that this provides a compensatory strategy whereby the subject can achieve suf®cient force in the muscles of the hand to be activated voluntarily. Our data support this hypothesis, but such activation of the cortex ipsilateral to the activated hand is not essential for those XKS subjects in whom the contralateral projection provides an adequate drive.
Conclusions
This study has used the technique of EEG±EMG coherence and cumulant mapping to demonstrate abnormal oscillatory drive to hand muscles from the motor cortex in subjects with aberrant corticospinal pathways. The results support the hypotheses that fast-conducting direct corticospinal inputs to hand muscle motoneurons are responsible for~22 Hz coherence between motor cortex and muscle in man and that the associated EEG±EMG cumulant structure re¯ects the voluntary motor cortex activation. In addition, the results suggest that subjects with aberrant corticospinal pathways adapt functionally to their presence in a manner that depends on the relative strength of the abnormal ipsilateral compared with the contralateral projection. For the generation of an intended unilateral hand movement, the relative contribution of activity in the ipsilateral and contralateral corticospinal projections to produce movement on the intended side is related to the relative strength of the abnormal ipsilateral to contralateral projection. The accompanying mirror movements are generated by activity in the abnormal corticospinal pathway ipsilateral to the mirroring hand and/or by activity in the corticospinal projection contralateral to the mirroring hand.
